Abstract-This communication defines a figure of merit for multiband antennas that gives an objective quantification of the similarities between radiation patterns at the different antenna operating bands.
IV. CONCLUSION
A new roll monopole antenna has been presented for broadband applications experimentally and numerically. As known, a planar monopole usually features a broad impedance bandwidth due to the larger size of its radiator and the coupling between the ground plane and the bottom edge of the radiator. The almost symmetrical structure of the roll monopole has significantly improved the radiation performances of the broadband monopole within a remarkably broad bandwidth.
I. INTRODUCTION
In recent years, great interest has arisen in multiband prefractal antennas [1] - [3] , whose multiband behavior with respect to the similarity of radiation patterns at the different resonant bands apparently outperforms that of classical multiband antennas [4] . However, very often the radiation patterns at the different operating frequency bands are compared only by mere visual inspection of planar cuts over the principal planes. A more rigorous and objective means of comparison between radiation patterns in the whole three-dimensional (3-D) space is found of interest.
In this communication, we propose an objective criterion to establish if two radiation patterns can, or cannot, be considered similar. The key is a reference tolerance table, which sets the maximum radiation level difference in decibels (dB) between the two patterns that is acceptable for each radiation pattern level. Simple surface integrals over the unity radius sphere produce a numerical value, which constitutes a measure of the similarity between the two patterns in the whole 3-D space. The figure of merit thus defined can be easily matched to the specific requirements of different applications by the definition of reference tolerance tables tailored to each application. This procedure should provide a framework of reference to compare patterns at different bands and assess the behavior of multiband antennas. 
II. FIGURE OF MERIT
When defining a figure of merit that should provide a measure of the degree of similarity between two radiation patterns, one has to bear in mind that the numerical value obtained must show a correspondence to what it is commonly and in practice understood as similar. On the other hand, it needs to provide a sufficient dynamic margin that allows ranking of similar and nonsimilar patterns in a common reference framework, and assign significantly different numbers to those pairs of patterns which, from a practical point of view, present significantly different degrees of similarity. Finally, it is important to define it in a simple as well as intuitive manner, so that its numerical value can be easily and quickly calculated and its physical meaning directly understood.
In most applications of multiband antennas, one generally assumes that two radiation patterns are similar if their absolute difference in dB into each space direction is below a threshold, which sets the similarity tolerance. In practice this threshold or similarity tolerance is not constant over the whole space, but rather it is dependent on the radiation pattern level, compared to the maximum, found into each space direction. To account for this, the figure of merit is computed in basis of a tolerance table, which assigns a tolerance value in dB to each radiation pattern level. Tables I and II Commonly, different tolerance tables will be used for different fields of application. In any case, when comparing the different usable patterns of a multiband antenna, the reference tolerance table must be always specified together with the figure of merit.
We propose here a figure of merit formula that gives values between zero and one as follows: If all space directions fulfill the condition for similarity given by the reference tolerance table, i.e., throughout the whole space the absolute difference between the radiation levels is kept below the corresponding tolerance value, the figure of merit must reach its maximum value (one). In the opposite case, the figure of merit is equal to the minimum value (zero). If only part of the space directions in the 3-D radiation pattern fulfill the condition, the figure of merit takes an intermediate value equal to the fraction of surface area over a unity radius sphere where the absolute difference in dB between the two radiation patterns does not exceed the corresponding threshold for similarity given by the reference tolerance table: S = Surface area below tolerance Total area : (1) Given two normalized radiation patterns D1(; ') and D2(; '), with and ', respectively, the spherical elevation and azimuth angles and the pattern values expressed in dB, the figure of merit (1) 
with (; ') = jD1(; ')j 0 jD2(; ')j jtol (max (D1(; '); D2(; ')))j (4) where tol(max(D 1 (; '); D 2 (; '))) denotes the tolerance (in dB) corresponding to the highest of D 1 (; ') and D 2 (; '). This results in a worst case scenario with respect to the patterns D1 and D2.
Thus defined, the figure of merit S takes values 0 < S < 1 with S = 1 for completely similar patterns (not necessarily identical but with level differences in dB that at every space point do not exceed the corresponding dB tolerance) and S = 0 for total absence of similarity.
A. Weighted Figure of Merit
The above definition should prove useful for the majority of applications where emphasis is in deciding whether two antenna patterns can or cannot be considered similar for a particular application, that is, according to a particular reference tolerance table. However, the fact that all space directions with absolute level differences below the tolerance value are assigned the same contribution to the surface integral regardless of the actual value of the absolute level difference, can render very difficult to discriminate among pairs of patterns with close similarity properties.
Fine tuning of the degree of similarity is accomplished by weighting the contribution of each space direction with absolute level difference below the tolerance value according to the actual absolute level difference encountered. This leads to an alternative formulation of the figure of merit F (; ') given by where subscript w stands for weighted. Note that in the case of weighted figure of merit, S = 1 is assigned only to completely identical patterns.
III. RESULTS
This section illustrates the application of the above two definitions of the figure of merit through representative examples. Extensive tests have been performed comparing a broad variety of radiation patterns that confirm the consistency of the definitions (2), (3), and (5) for the figure of merit and prove it useful to give a measure of the degree of similarity observed. A few representative cases are presented in Figs. 2 to 6, showing the cuts over two principal planes, = 90 and ' = 0, of the two radiation patterns being compared, along with a table containing the numerical values found for the figure of merit. Two different reference tolerance tables have been used, given in Tables I and  II above and, respectively, labeled R1 and R2. The figure of merit computed with the first formula (3) is labeled constant contribution cc, and the weighted figure of merit (5) is labeled w. The radiation patterns shown in Figs. 2 to 4 have been obtained by numerical simulation of two different multiband antennas using the Method of Moments [5] , while the patterns in Figs. 5 and 6 result from a mathematical formula. The first example (Figs. 2 and 3) is a five-band log-periodic antenna called parany and described in [1] . The second one is a five-band Sierpinski prefractal monopole.
Figs. 2 and 3 show the pairs of radiation patterns of the parany antenna at different operating bands that, according to our definitions of the figure of merit, give respectively the poorest and the best similarity values, thus providing some insight into the margin of figure of merit values that can be obtained for that particular antenna. They correspond, respectively, to the first and third (Fig. 2) and to the fourth and fifth (Fig. 3) operative bands. (5) with the more restrictive tolerance table, R1, is able to decide that the first multiband antenna in Fig. 3 has patterns more similar than the second antenna in Fig. 4 .
Finally, the two pairs of patterns shown in Figs. 5 and 6, obtained through mathematical functions, illustrate how the use of the weighted figure of merit (5) can help to decide between pairs of patterns that look very similar. In the case shown, the patterns in Fig. 6 are found more similar than the patterns in Fig. 5 .
IV. CONCLUSION
A figure of merit that objectively quantifies the similarity between two given radiation patterns has been defined. A reference tolerance table defines the maximum acceptable differences in dB between the patterns. The tolerance table can be tailored to each application. The computation of the figure of merit involves a surface integration in the whole space to account for the full 3-D radiation pattern. Consistency and usefulness of the definitions has been proved through examples of application.
The adoption of this figure of merit as a standard would provide a useful tool to compare and assess the behavior of multiband antennas.
I. INTRODUCTION
When using a moment-method based approach to numerically model the electromagnetic scattering from rough surfaces of unlimited extent, the primary limiting factor is that the modeled surface must be truncated so that the discretized integral equation will be treatable with finite computer resources. This truncation introduces artificial surface edges that, if left untreated, give nonphysical diffraction that can greatly affect the accuracy of the approach, both through direct back-diffraction and through interactions with the true surface features. Several methods have been introduced to reduce the edge effects. The most common approach is to apply a weighting function to the illumination that reduces it to negligible levels at the edges [1] . Unfortunately, the length of the modeled surfaces must be increased with decreasing grazing angles to give electromagnetically valid illumination, effec- tively limiting the approach to surfaces that are rough in only one dimension at the smallest grazing. Use of periodic boundary conditions [2] is similarly computationally prohibitive with two dimensional (2-D) rough surfaces, as is the synthesis of an equivalent radar pulse by repeating the analysis at multiple frequencies [3] . The hybrid approach extending the moment method with the geometrical theory of diffraction (MM/GTD) used in [4] is only applicable to 1-D rough surfaces.
Using an alternative approach, Oh and Sarabandi [5] resistively loaded the ends of perfectly conducting rough surfaces and showed that edge effects were significantly reduced. This approach has the advantage that the additional computational expense of applying the loading is minimal. Here, the resistive loading of edges for rough surface scattering is further considered. Both the power-law resistive taper used by Oh and Sarabandi, as well as the taper introduced by Haupt and Liepa [6] for the control of sidelobes in scattering from perfectly conducting flat plates, are investigated. The scattering from deterministic surfaces that have features that are electromagnetically large is used as test cases, thereby giving a more complete test than the slightly rough surfaces used in [5] . Also, the loading is applied to surfaces that have finite (but large) conductivity.
II. APPROACH
Resistive loading is applied to the edges of an arbitrary rough surface as shown in Fig. 1 . The resistive loading used by Oh and Sarabandi [5] is given by R(x) = 0(10 x=L) 4 , where 0 is the intrinsic impedance of free space, x is the distance from the surface end, and L is the total distance over which the loading is applied. This loading is hereafter referred to as the "power-law taper." Haupt and Liepa [6] synthesized a loading to give a surface current distribution across a perfectly conducting plate that approximates a Taylor antenna-aperture excitation, designed to control the sidelobe level in off-specular scattering from the plate. This loading is hereafter referred to as the "Taylor taper." Haupt and Liepa applied their taper across the full length of the surface. Here, the taper was separated at its center point and applied to the two edges of the modeled surface. The Taylor taper is given by [6] R 
and A = (1=) cosh 01 (10 q=20 ). In this paper, the taper was synthesized with n = 9 and q = 90. 
